Abstract: We consider minimal dark matter scenarios featuring momentum-dependent couplings of the dark sector to the Standard Model. We derive constraints from existing LHC searches in the monojet channel, estimate the future LHC sensitivity for an integrated luminosity of 300 fb −1 , and compare with models exhibiting conventional momentumindependent interactions with the dark sector. In addition to being well motivated by (composite) pseudo-Goldstone dark matter scenarios, momentum-dependent couplings are interesting as they weaken direct detection constraints. For a specific dark matter mass, the LHC turns out to be sensitive to smaller signal cross-sections in the momentum-dependent case, by virtue of the harder jet transverse-momentum distribution.
Introduction
Collider searches for final states consisting of a hard jet and missing energy [1] [2] [3] [4] [5] , dubbed monojet searches, provide a means to detect new invisible particles that are stable on detector or even cosmological scales. In the latter case, these particles could contribute to the dark matter (DM) energy density of the Universe and monojet searches could offer invaluable information about their existence. Furthermore it is well known that the jet transverse-momentum spectrum is one of the key observables that could unravel the nature of the dark matter couplings to the Standard Model from monojet probes [6, 7] . In this work, we study the effect of derivative and non-derivative couplings between the Standard Model and the new physics sector on the monojet kinematics. Our preliminary results, including only 8 TeV LHC data, appeared in the proceedings of the "Les Houches 2015 -Physics at TeV colliders" workshop [8] .
Models with derivative couplings are motivated by new physics setups featuring pseudoNambu-Goldstone bosons (pNGBs), i.e. light scalar fields connected to the spontaneous breaking of a global symmetry at an energy scale f . More concretely, this class of models includes composite Higgs scenarios where the set of pNGBs involves the Higgs boson and possibly extra dark scalar particles [9] [10] [11] [12] [13] [14] . In this case, the pNGB shift symmetry indeed only allows for derivative (momentum-dependent) pNGB interactions suppressed by powers of the scale f . An explicit weak breaking of the shift symmetry, parameterized by a small coupling strength , is however necessary in order to induce pNGB masses, which subsequently generates additional non-derivative momentum-independent couplings proportional to /f . In this work, we rely on a simplified effective field theory approach where the form of the Lagrangian is inspired by such pNGB setups, with all specific and model-dependent assumptions for the new physics masses and couplings being, however, relaxed. As already pointed out in the literature, this effective Lagrangian approach is appropriate for interpreting LHC missing energy signatures within frameworks featuring light dark matter particles interacting with the Standard Model via non-renormalizable derivative operators [13, 14] .
Most ultraviolet-complete models of dark matter involve additional particles, potentially carrying Standard Model quantum numbers. Although dedicated LHC searches could detect such additional states, we consider a simple setup where the only new states that are accessible at the LHC are the dark matter particle and (sometimes) the mediator connecting the Standard Model and the dark sector. More specifically, we first consider an invisible sector solely comprised of a Standard Model-singlet real scalar field η which is taken to be odd under a Z 2 discrete symmetry. The Standard Model fields are then chosen to be even under the same Z 2 symmetry, which forbids the decay of the η particle into any ensemble of Standard Model states and renders it a potential dark matter candidate. In a minimal scenario, the mediator is taken to be the Standard Model Higgs field H that interacts with η via both a renormalizable quartic coupling and a non-renormalizable derivative coupling. This framework, however, turns out to be strongly constrained by LHC measurements of the Higgs boson properties. As an alternative we therefore consider a slightly extended setup where we additionally introduce a real gauge-singlet Z 2 -even scalar mediator particle s, a choice which allows us to avoid these constraints. While s couples to the dark sector both through a derivative (dimension-five) and a non-derivative renormalizable operator, it is connected to the Standard Model only through a (potentially loop-induced) dimension-five operator involving gluon field strength bilinears. This simple model not only reproduces the observed dark matter abundance of the universe but also, assuming that momentum-dependent interactions dominate, can evade the direct detection constraints.
In this paper, we first provide details of our theoretical framework in Section 2 and then examine the LHC constraints stemming from the monojet analysis performed by the ATLAS collaboration for proton-proton collisions at a center-of-mass energy of 13 TeV with 3.2 fb −1 in Section 3. We assess the effects of momentum-dependent and momentumindependent dark matter couplings on monojet distributions and derive the corresponding bounds for both cases. Dijet searches for the mediator s at past and present colliders are also taken into account and discussed, and we finally entertain the possibility that the η particle is responsible for the measured dark matter density in the Universe. In this spirit, we investigate the dependence of the relic abundance and the direct dark matter detection constraints on the model parameters. Our findings are summarized in Section 4, and technical details on the range of validity of our effective description based on perturbative unitarity arguments are presented in Appendix A.
Theoretical framework and constraints

The minimal scenario: the Higgs portal
In order to study the impact of derivative and non-derivative couplings of dark matter to the Standard Model, we first consider a minimal setup involving both momentum-dependent and momentum-independent couplings of the dark matter particle. We impose that the dark matter only couples to the Higgs field, which plays the role of the mediator.
We supplement the Standard Model by a gauge-singlet real scalar field η that is chosen odd under a Z 2 symmetry, where in contrast the Standard Model fields are taken to be even. The η particle then only interacts with the Standard Model through couplings to the Higgs doublet H, such that the model Lagrangian reads
This Lagrangian contains renormalizable operators compatible with the Z 2 symmetry (η → −η) and a dimension-six operator involving derivatives. While several other nonderivative dimension-six operators are allowed by the model symmetries, these are not expected to have a significant impact on the monojet analysis. As the effect of these operators is negligible for our purposes, we have omitted these in our parameterization of Eq. (2.1). In the context of composite Higgs models, the scalar field η may be a pNGB and f its decay constant. The theoretical motivations for this minimal model and the resulting dark matter phenomenology are described in Ref. [9] . Further related studies are also available in the literature [10] [11] [12] . After electroweak symmetry breaking, the part of the Lagrangian containing the interactions of η with the physical Higgs boson h is given by 2) and the η mass m η satisfies m
3)
The trilinear scalar interaction in Eq. (2.2) yields monojet events at the LHC via, for instance, the gluon fusion process gg → gh ( * ) → gηη, while the quartic interactions give rise to mono-Higgs events gg → h * → hηη. When 2m η < m h , the Higgs boson is produced onshell and the strength of the derivative interaction vertex is proportional to p 2 h /f 2 = m 2 h /f 2 , with p h being the final-state Higgs boson four-momentum. The momentum-dependence reduces to a constant, so that momentum-dependent interactions become indistinguishable from their momentum-independent counterparts. In this regime, bounds from monojet searches are found to be weaker than the constraints stemming from the Higgs invisible width results [15] [16] [17] ,
at the 95% confidence level.
We therefore focus on the complementary kinematic region where 2m η > m h . The monojet signal arises from off-shell Higgs-boson production, and the derivative interactions of the η particle result in a strong momentum dependence at the differential cross-section level. The subsequent differences in the jet transverse momentum distribution could allow us to discriminate derivative from non-derivative dark matter couplings. This however comes at the price of a suppression of the monojet signal, since the relevant partonic cross-sectionσ depends on the virtuality of the Higgs boson p 2 h aŝ 5) where Γ h denotes the Higgs total width. The denominator is clearly larger in the region where the Higgs is off-shell, or equivalently when
A preliminary monojet analysis within the considered theoretical framework has recently been performed [18] , and the collider signatures of this off-shell Higgs portal model are discussed in Ref. [19] . Our numerical analysis however indicates that in the light of current experimental data, the monojet signal is too weak to be observed at the LHC. The precise determination of the Higgs-boson mass and the important LHC constraints on its production cross-section and decay width indeed result in tight bounds on the free parameters of the model, 6) where the latter bound applies to models in which the Higgs is a composite pNGB. As a consequence, the total monojet cross-section after including a selection on the jet transverse momentum of p jet T > 20 GeV is always smaller than 1 fb and 0.5 fb when only momentumdependent and momentum-independent couplings are allowed, respectively, for a center-ofmass energy of √ s = 13 TeV.
A pragmatic scenario with a scalar singlet mediator
Given the tight constraints discussed in the previous section, we extend our framework to analyse a scenario less severely constrained by data. In addition to the dark matter field η we introduce a second scalar mediator field s, chosen to be even under the Z 2 symmetry and a singlet under the Standard Model gauge symmetries. We moreover impose that the scalar potential does not spontaneously break the Z 2 symmetry, or equivalently that η does not acquire a non-vanishing vacuum expectation value (vev). We further demand, without any loss of generality, that the vev of the s field vanishes as the latter could always be absorbed in a redefinition of the couplings.
The relevant Lagrangian is given by
where we include an effective coupling between the s and gluon fields. Consequently, the mediator can be produced at the LHC via gluon fusion and can give rise to a monojet signal via the mechanism gg → gs * → gηη. In ultraviolet-complete models, this c sg coupling can be generated by additional new physics. For example, in a scenario featuring a vectorlike color-triplet fermion ψ of mass M ψ m s that interacts via a Yukawa interaction y ψψ ψs, triangle loop-diagram contributions induce c sg = (4/3)(y ψ f /M ψ ). Finally, the nonderivative coupling c sη governs the momentum-independent interaction of the two scalars s and η and, for a given value of the scale f , the derivative coupling c ∂sη controls the strength of the leading momentum-dependent interactions.
The Lagrangian given in Eq. (2.7) only includes interactions that are relevant to our analysis, and the considered dimension-five operator is the unique independent derivative dimension-five operator inducing an interaction between s and η. The model can hence be described in terms of six parameters, m s , m η , f, c sη , c ∂sη and c sg .
(2.8)
Strictly speaking, only five of these parameters are independent as one can always choose c ∂sη = 1 and determine the strength of the momentum-dependent interaction by varying f . This choice is motivated by models where s, η and the Higgs boson are pNGBs associated with the spontaneous breaking of a global symmetry at a scale f and where c ∂sη is expected to be of order one. In this case, the f parameter is constrained by precision Higgs and electroweak data that roughly imposes f 500 GeV − 1 TeV [20] . In our numerical analysis of Section 3, we consider four representative values for the s particle mass, m s = 50 GeV, 250 GeV, 500 GeV and 750 GeV, which allows us to cover a wide range of mediator masses.
Constraints on the parameters of the model
The model can be constrained in a number of ways. In particular, searches for dijet resonances could be promising since a singly-produced mediator via gluon fusion often decays back into a pair of jets (gg → s ( * ) → gg). For the case where η is a viable dark matter candidate, the model should in additional yield a relic density in agreement with Planck measurements and satisfy direct dark matter detection bounds. Before getting into a detailed investigation of these constraints, we first study some properties of the model in order to understand the bounds that can be expected from collider, cosmological and theoretical considerations. A complete set of numerical results is then presented in Section 3.
From the Lagrangian given in Eq. (2.7), the partial decay widths of the s particle into gluon and η pairs are calculated to be 10) in agreement with results obtained using the decay module of FeynRules [21, 22] . For the coupling values adopted in our analysis, the total width Γ s is always small. This implies that the narrow width approximation can be used for any cross-section calculation involving a resonant s-contribution. The s-induced dijet cross section can hence be expressed as
11) where √ŝ denotes the partonic center-of-mass energy and f g (x, µ) the universal gluon density that depends on the longitudinal momentum fraction x of the gluon in the proton and the factorization scale µ. For the considered values of m s , the most stringent dijet constraints arise from SppS [23] and Tevatron [24] data which provides upper limits on the new physics cross section σ for mediator masses of 140 -300 GeV and 200 -1400 GeV respectively. In comparison, the LHC Run I results further extend the range of covered mediator masses up to 4.5 TeV [25, 26] . For f = 1000 GeV, we find that c sg values up to about 100 (which corresponds to an effective coupling of about 10 −3 ) are allowed independently of the other parameters, and we adopt this upper limit henceforth.
Turning our attention to the dark matter phenomenology, we first study the η relic abundance Ωh 2 | η . This is numerically computed in Section 3 with the MicrOmegas package [27] , in which we have implemented our model via FeynRules [22] . An approximate expression describing the relevant total thermally-averaged annihilation cross section σv can nonetheless be derived analytically. Restricting ourselves to the leading S-wave contribution and ignoring all possible special kinematic configurations featuring, e.g., intermediate resonances, the thermally-averaged cross section associated with η annihilation into a pair of gluons is given by
In the case where m η > m s , an additional 2 → 2 annihilation channel contributes, ηη → ss, whose leading S-wave contribution reads
We impose the requirement that the η relic density satisfies the upper limit [28]
Assuming a standard thermal freeze-out mechanism, and ignoring singular parameter space regions such as resonances, the dark matter relic density does not depend strongly on whether m η > m s /2 or < m s /2. This condition is, however, crucial for the LHC: monojet searches can typically only reach couplings that correspond to thermal self-annihilation cross sections once the mediator can be produced and decay on-shell. Instead, in the off-shell regime, the LHC tends to probe parameter space regions where the dark matter abundance lies below Ωh 2 | exp [29] , but there are exceptions [30] . Finally, regardless of the momentum-dependent or -independent nature of the dark matter interactions the dominant contribution to the dark matter annihilation comes from the S-wave. Direct detection searches yield additional constraints on the phenomenologically viable regions of the model parameter space. These however do not constrain the strength of the momentum-dependent interactions, as the corresponding scattering cross section is proportional to the dark matter-nucleus momentum transfer which is very small compared to the mediator mass. On the other hand, the momentum-independent couplings in Eq. (2.7) lead to an effective interaction between η particles and gluons,
The spin-independent dark matter scattering cross section σ SI is then found to take the form [31, 32] 16) where the term inside the brackets corresponds to the DM-nucleon reduced mass, and the squared matrix element depends on the gluon form factor f T G . The latter is derived from the quark form factors f T q [33] ,
for which we take the values f T u = 0.0153, f T d = 0.0191 and f T s = 0.0447 [34] . The above expression for f T G would change if additional couplings between the mediator s and quarks were introduced. Our predictions for σ SI are compared, in the next section, to limits extracted from LUX data [35] 1 . Finally, additional restrictions can also be imposed on the model from perturbative unitarity requirements. For a given process, the effective Lagrangian in Eq. (2.7) is indeed expected to provide an accurate description of the underlying physics only as long as the typical momentum involved lies below a cutoff scale which we have so far kept unspecified. This scale can be deduced rigorously on a model-by-model basis, but its minimal acceptable value can be estimated without referring to any specific ultraviolet completion. By enforcing the S matrix to be perturbatively unitary, we ensure that calculations performed on the basis of the Lagrangian of Eq. (2.7) provide reliable predictions [37] [38] [39] .
We provide the details of the calculation in Appendix A, where we show that perturbative unitarity of the gg → ηη scattering amplitude imposes the constraints 18) where κ MI = c sη c sg and 19) with κ MD = c ∂sη c sg . In typical hadron collider processes like those occuring at the LHC, the scale Q 2 varies from one event to another. In order to simplify the discussion, we judiciously focus on large values of Q 2 that are relevant for the high-energy tail of the differential distributions where the effective theory is expected to break down. Considering typical missing transverse-momentum distributions related to monojet events and the current LHC luminosity, the tail of the distribution extends to |Q| ∼ 2 TeV while most events relevant for the extraction of LHC constraints feature a missing transverse energy in the [700, 1500] GeV range. In the next section, unitarity bounds are therefore computed for the conservative choice |Q| = 2 TeV.
Numerical results
We now estimate the constraining power of monojet searches both in the case of momentumdependent and momentum-independent interactions. For simplicity, we consider scenarios featuring either momentum-independent (c ∂sη = 0) or momentum-dependent (c sη = 0) couplings, and we set the composite scale f to 1 TeV. The mediator coupling to the gluon field strength tensor is fixed to c sg = 10 and 100, as allowed by the dijet bounds discussed in Section 2.2. We finally discuss the complementarity between theory, collider and cosmological constraints.
Analysis setup
In order to evaluate the LHC sensitivity to our model via monojet probes, we compare our theoretical predictions to official ATLAS results based on early 13 TeV data at an integrated luminosity of 3.2 fb −1 [3] . This is achieved via an implementation of the analysis of Ref. [3] in the MadAnalysis 5 framework [40, 41] . Details on our code and its validation are publicly available on Inspire [42] and within the MadAnalysis 5 Public Analysis Database [43] 2 . Our recasted analysis is in agreement with the ATLAS official results for well-defined event samples at the 5% level, and we have also compared, for consistency, our results to those obtained when using LHC Run I data [8] .
The analysis under consideration preselects events featuring one final-state hard jet with a transverse-momentum p T larger than 250 GeV and a pseudorapidity satisfying |η| < 2.4, as well as at most four jets with p T > 30 GeV and |η| < 2.8. Moreover, each jet is required to be azimuthally separated from the missing momentum by an angle ∆φ > 0.4, and events exhibiting muons or electrons with a transverse momentum greater than 10 GeV and 20 GeV respectively are vetoed. Preselected events are then categorized into seven inclusive and six exclusive signal regions. The seven inclusive regions are defined by seven overlapping selections on the missing transverse energy, demanded to be larger than 250, 300, 350, 400, 500, 600 and 700 GeV. In order to perform our study, we have implemented the model described in Section 2.2 in the FeynRules [22] package, and generated a UFO library [44] that we have imported into MadGraph5 aMC@NLO [45] . Hard-scattering events describing the pp → ηηj process (with an 80 GeV selection threshold on the jet p T ) have been generated for a center-of-mass energy of 13 TeV and matched to the parton showering and hadronization infrastructure of Pythia 6 [46] . The events are then processed by Delphes 3 [47] for a fast detector simulation using a tuned parameterization of the ATLAS detector and the Fastjet program [48] for jet reconstruction by means of the anti-k T algorithm [49] with an R-parameter set to 0.4. Finally, the MadAnalysis 5 program is used to handle the event selection and to compute the associated upper limit at the 95% confidence level (CL) on the signal cross section according to the CLs technique [50, 51] . Although the considered analysis contains 13 signal regions, the upper bound on the cross section (interpreted at leading order) is determined only from the region that is expected to be the most sensitive. This region is determined using the background rate, its uncertainty and the observed number of events reported by the ATLAS collaboration.
For discrete choices of the mediator mass m s = 50, 250, 500 and 750 GeV, we scan over various ranges of the dark matter mass with 2m η > m s . Since only one of the c sη or c ∂sη parameters are taken to be non-zero at a time, the computed cross section upper limits only depend on the kinematics of the events and not on the overall rate. The results are thus independent of the actual values of the c sη , c ∂sη and c sg parameters, and we have consequently fixed (c sη , c ∂sη ) to the nominal values (1, 0) and (0, 1). This choice enables an easy rescaling of the monojet cross section when different values of the input parameters are chosen and a straightforward derivation of limits on the momentum-dependent and momentum-independent interactions for a given set of masses and couplings.
In addition, we have also evaluated the LHC sensitivity to our model for a luminosity of 300 fb −1 , this time using Pythia 8 [52] for the parton showering and hadronization of the signal samples, along with efficiency factors and smearing functions aimed at reproducing the performance of the ATLAS detector during the first run of the LHC [53] . Thanks to the higher statistics and the different shape of the missing energy distribution for signal and background, the optimal sensitivity to the signal is expected for tighter missing energy requirements than those adopted in Ref. [3] , thus motivating extending the number of signal regions. This, however, requires the extrapolation of the predictions for the expected Standard Model background and the associated uncertainties.
The 3.2 fb −1 monojet publication of ATLAS provides the Standard Model expectation for the missing transverse-energy distribution [3] , so that the latter can be used to extract the expected number of background events N bg for 300 fb −1 . The estimation of the systematic uncertainties ∆N bg is however luminosity-dependent due to an extrapolation of the dominant Z+jets and W +jets backgrounds from the number of data events observed in appropriate control regions to the signal regions. We consequently parametrise ∆N bg as The first term on the right-hand side represents the statistical error on the number of events observed in the control regions and is controlled by the k 1 parameter, while the second term consists of the systematic uncertainties connected to the extrapolation procedure from the control region to the signal regions and is driven by the k 2 parameter. The ATLAS analysis finds the latter to be slowly varying with the missing transverse-energy selection and is of the order of a few percent [3] . We adopt the choice of k 1 = 1.51 and k 2 = 0.043, which parametrize the ATLAS results of Ref. [3] at the percent level, and calculate 95% CL upper limits on the signal cross-section for overlapping signal regions defined by minimum requirements on the missing transverse energy varying in steps of 100 GeV between 500 and 1400 GeV. The statistical procedure relies on a Poisson modelling with Gaussian constraints using the CLs prescription and the asymptotic calculator implemented in the RooStat package [54] . The lowest upper limit on the fiducial production cross section (with a constraint on the jet transverse momentum of p T > 80 GeV) is then taken to be the final result.
Bounds derived from LHC monojet data
As a first illustration of the differences between scenarios featuring momentum-independent and momentum-dependent interactions, we show the leading jet p T distributions obtained with MadAnalysis 5 for the representative mass combinations (m s , m η ) = (50, 100/300) GeV and (m s , m η ) = (250, 150/400) GeV in the left and right panels of Figure 1 respectively. Focusing on the shapes of the distributions that have been normalized to one, one observes that momentum-dependent interactions induce a harder jet p T spectrum. As a result, one expects that a larger fraction of events would pass a monojet selection when momentum-dependent interactions are present. For instance, choosing c sg = 100, f = 1 TeV and either c ∂sη = 2.5 in the momentum-dependent case or c sη = 0.5 in the momentum-independent case we obtain, in both scenarios, a fiducial cross section of 2.9 pb once an 80 GeV generator-level selection on the leading jet p T is enforced. The efficiency associated with a transverse-momentum selection of p T > 300 GeV on the leading jet is, however, relatively larger by about 50% in the momentum-dependent case. The difference between the two scenarios is significantly reduced for larger dark matter masses.
As explained in Section 3.1, for a given value of m s the constraints that can be derived from LHC dark matter searches only depend on m η , since in the relevant subprocesses the mediator has to be off-shell. In Figure 2 , we present the upper limits on the monojet cross section at the LHC, σ UL (pp → ηηj), with a generator-level selection on the transverse momentum of the leading jet of p T > 80 GeV. Existing constraints extracted from 3.2 fb −1 of 13 TeV LHC collisions are depicted by red lines for the momentum-independent (solid) and dependent (dashed) cases. As anticipated, the cross sections excluded at the 95% CL are significantly smaller in the momentum-dependent setup than in the moment-independent one, so that the former is more efficiently constrained than the latter. We additionally observe that the exclusion bounds become stronger with increasing m η . As long as enough phase space is available, larger η masses imply a larger amount of missing energy so that the signal regions of the monojet analysis are more populated and stronger limits can be derived, as shown in the figure.
Our results confirm the findings of Figure 1 , the differences between the momentumindependent and momentum-dependent cases being maximal for small values of m η . Eventually, for dark matter masses of about 1 TeV, the limits become identical for both cases although the LHC loses its sensitivity for such heavy dark matter scenarios.
We also report in Figure 2 projections for 300 fb −1 of LHC collisions at a center-of-mass energy of 13 TeV. The blue solid and dashed lines respectively represent the momentumindependent and momentum-dependent cases. We observe a behavior that is similar to the lower luminosity one, although it is now driven by the additional higher missing-energy requirements. In the relevant bins, the signal acceptance is again found to be higher for the momentum-dependent dark matter coupling case, so that the corresponding exclusion bounds are stronger. Moreover, the two classes of dark matter operators can still only be distinguished up to a given dark matter mass, which is nonetheless larger than for lower luminosities.
Complementarity of collider, cosmological and theoretical considerations
In order to estimate the regions of the model parameter space that are viable with respect to current data, we investigate the interplay between the LHC monojet bounds presented in the previous section and the dark matter and theoretical considerations discussed in Section 2.2. Assuming momentum-independent dark matter interactions, the LUX results exclude the spin-independent direct detection cross section predicted by Eq. (2.16) in the entire parameter space region accessible with the 13 TeV LHC monojet results. More precisely, for a dark matter mass of 50 GeV that is close to the LUX sensitivity peak and for the minimal c sg = 10 choice, the maximum c sη allowed values are of the order of 1.2 × 10 −3 , 0.03, 0.13 and 0.28 for m s = 50, 250, 500 and 750 GeV respectively. Increasing the dark matter mass to a slightly higher value of 200 GeV that is still within the LHC reach, these numbers increase to 0.008, 0.2, 0.5 and 0.9 3 . Therefore, in the momentumindependent case, an observable monojet signal could be explained only by missing energy unrelated to dark matter. Thus, in the following, we show the constraint from the dark matter relic density only for the momentum-dependent case.
In Figures 3 and 4 we superimpose constraints arising from the 13 TeV LHC monojet search results and the corresponding projections (red and blue lines respectively) on those obtained by imposing the relic density bound of Eq. (2.14) (the latter for the momentumdependent case only), assuming a standard thermal freeze out dark matter scenario. The bounds on the c sη coupling are stronger for larger f values while those on the c ∂sη parameter are weaker. In the shaded regions, ηη annihilation is not efficient enough, so that the c∂sη Unitarity Figure 3 . Constraints on the c i couplings of Eq. (2.7) driven by monojet searches. The red lines depict constraints from existing 3.2 fb −1 of data whereas blue ones correspond to predictions for an integrated luminosity of 300 fb −1 . We fix f = 1 TeV, m s = 50 GeV (top left), 250 GeV (top right), 500 GeV (bottom left) and 750 GeV (bottom right) and the results are represented as functions of m η for c sg = 10. The shaded regions correspond to momentum-dependent coupling values for which the universe is overclosed, while above the black lines the perturbative unitarity of the effective theory is lost. The solid and dashed lines correspond to the momentum-independent (MI) and dependent (MD) cases respectively.
Universe is overclosed. Along the borders of these regions, the relic density limit is exactly reproduced, the shape of these borders being fairly well described by the approximate results of Eq. (2.12) and Eq. (2.13). In the un-shaded region, the predicted abundance is smaller than the observed Planck value.
Since in our parameter space scan, no resonant configuration can occur, the c ∂sη values satisfying the dark matter abundance bounds vary relatively mildly with the dark matter and mediator masses. The minor apparent features (especially in the m s = 250 GeV and 500 GeV scenarios) that can be observed are related to the opening of the additional dark matter annihilation channel into s pairs. For our choices of parameters, however, this channel only contributes subleadingly to the relic density, its maximal impact being found to be of the order of 15%. The annihilation cross section hence approximately scales as (c ∂sη × c sg ) 2 , so that a smaller value of c sg implies almost proportionally larger allowed values for c ∂sη .
We also include in the figures the perturbative unitarity limit of validity of our effective parameterization (black dashed line) choosing |Q| = 2 TeV in Eq. (2.19) . For c sg = 10 the perturbative unitarity bound reads c ∂sη 190 in the momentum-dependent case, and c sη 760 in the momentum-independent case. This bound depends weakly on m s and m η , however it is proportional to 1/c sg , as observed on comparing Figure 3 with Figure 4 . We observe that although the unitarity limits do exhibit some overlap with the current and projected LHC reach, our effective description is consistent over most of the parameter space.
Our findings show that existing monojet constraints are not yet strong enough to probe regions of parameter space where η can account for the entire dark matter energy density of the Universe. We therefore recover the fairly well-known result that in the "off-shell" regime of dark matter models, the LHC tends to be sensitive to dark matter candidates for which the relic density is underabundant [55, 56] . On the other hand, collider searches probe large values of the sηη coupling while the Planck results instead constrain small values, where the Universe tends to be overclosed. In this sense, there is an interesting complementarity between collider and cosmological measurements. Besides, we observe that for an integrated luminosity of 300 fb −1 , the LHC will be able to access a part of the low-mass region of our model where the observed dark matter abundance can be exactly reproduced, for dark matter masses up to about 140 GeV. Whether or not it will be able to actually distinguish between the two scenarios will be the subject of forthcoming work. Another remark is related to the fact that our results are valid regardless of the stability of the η states at cosmological timescales. In other words, letting aside model-building considerations, our analysis holds for metastable η particles as well, as long as they do not decay within the LHC detectors.
Conclusion
Momentum-dependent couplings between dark matter and the Standard Model are wellmotivated both from a theoretical and a phenomenological perspective. Indeed, broad classes of ultraviolet-complete dark matter models predict effective derivative operators at low energy, in particular whenever the dark matter particle is an approximate Goldstone boson of the underlying theory. This is quite natural in the context of composite Higgs models for the electroweak symmetry breaking. On the phenomenological side, scenarios involving momentum-dependent couplings can reproduce the observed dark matter abundance in the Universe, while evading the stringent bounds from direct detection experiments.
Monojet searches at the LHC are important probes of dark matter. In the context of a simplified model where a pair of dark matter particles η interacts with the Standard Model via a scalar mediator s, we considered two types of dark matter-mediator couplings, momentum-dependent or momentum-independent, corresponding to two operators with different Lorentz structures. The high-energy tail of the monojet differential distribution being harder in the momentum-dependent case, the associated cross-section is expected to be more efficiently constrained by current LHC data. We demonstrated this by studying the monojet cross section upper limits in the two scenarios, employing early 13 TeV LHC data. We showed that, indeed, one can probe smaller cross sections in the momentumdependent case. The difference in sensitivity appears when the mediator is produced offshell, m η > m s /2, and provided enough phase space is available, m η 1 TeV. This difference ranges from a factor of order one, for m η ∼ m s ∼ 500 GeV, up to one order of magnitude for lower masses, m η ∼ m s ∼ 50 GeV. We moreover estimated the reach of the LHC assuming an integrated luminosity of 300 fb −1 in proton-proton collisions at a center-of-mass energy of 13 TeV.
In the momentum-dependent case, that is free from direct detection constraints, we compared the monojet upper bounds on the dark matter couplings with the requirement of not exceeding the observed dark matter abundance in the Universe. While the present bounds correspond to under-abundant relic densities, the projected 300 fb −1 bounds become sensitive to the observed dark matter relic density for sufficiently light masses, m η , m s 100 GeV. We also carefully checked that, in the relevant parameter space of the model, our description in terms of effective operators is consistent with perturbative unitarity. Our study indicates that, in the near future, the LHC can cover the most significant portion of the parameter space in the case of a light, off-shell mediator to the dark sector. Indeed, one can progressively close the gap between the collider upper limits on the dark matter couplings, and their values preferred by cosmological observations, assuming a standard thermal history. Were a monojet signal observed, the differences in the monojet p T distribution between the momentum-dependent and the momentum-independent couplings could provide handles on the nature of the dark matter interactions with the Standard Model. One should keep in mind that, contrary to our simplifying assumption, both types of coupling can be present, but it is likely that one provides the dominant contribution. A discrimination among the two scenarios appears feasible, once the statistics become sufficient to analyse the shape of the distributions.
For 2 → 2 reactions and adopting the center-of-momentum reference frame, all kinematic variables can be integrated over, except the angle θ between the collision axis and one of the final-state particle momenta,
where β f reads
with √ s being the center-of-mass energy and m 1 and m 2 the masses of the outgoing particles.
The scattering amplitudes M i→f can be expanded in partial waves as
where j is the total angular momentum of the final state (2-body) system, λ i and λ f are the initial and final-state (2-body system) helicities, T In order to compute the helicity amplitudes, we need explicit forms for the wavefunctions of the external particles. We work in the Dirac representation throughout our calculation. Spinors of definite helicity λ = ±1/2, propagating in the direction (θ, φ) and describing particles with mass m and energy E are represented as Focusing on the process gg → ηη, and for given values of masses and couplings, these relations can be used to extract the maximal allowed value for s for which our effective description makes sense perturbatively. Conversely, for a given value of s it can be used in order to bound the parameters of our model, see Section 3.3.
